Anterior-posterior patterning of the embryo requires the activity of multiple homeobox genes among them Hox, caudal (Cdx, Xcad) and Otx2. During early gastrulation, Otx2 and Xcad2 establish a cross-regulatory network, which is an early event in the anterior-posterior patterning of the embryo. As gastrulation proceeds and the embryo elongates, a new domain forms, which expresses neither, Otx2 nor Xcad2 genes. Early transcription of the Xenopus Gbx2 homologue, Xgbx2a, is spatially restricted between Otx2 and Xcad2. When overexpressed, Otx2 and Xcad2 repress Xgbx2a transcription, suggesting their role in setting the early Xgbx2a expression domain. Homeobox genes have been shown to play crucial roles in the specification of the vertebrate brain. The border between the transcription domains of Otx2 and Gbx2 is the earliest known marker of the region where the midbrain/hindbrain boundary (MHB) organizer will develop. Xgbx2a is a negative regulator of Otx2 and a weak positive regulator of Xcad2. Using obligatory activator and repressor versions of Xgbx2a, we demonstrate that, during early embryogenesis, Xgbx2a acts as a transcriptional repressor. In addition, taking advantage of hormone-inducible versions of Xgbx2a and its antimorph, we show that the ability of Xgbx2a to induce head malformations is restricted to gastrula stages and correlates with its ability to repress Otx2 during the same developmental stages. We therefore suggest that the earliest known step of the MHB formation, the establishment of Otx2/Gbx2 boundary, takes place via mutual inhibitory interactions between these two genes and this process begins as early as at midgastrulation. q
Introduction
Establishment and specification of the anterior-posterior axis is a multi-step process. Axial positions are determined by the concerted action of numerous genes (De Robertis et al., 2000; Gellon and McGinnis, 1998; Kimelman and Griffin, 2000) , which function on several tissues in parallel (Gaunt, 2000; Roberts, 2000) . Several studies have shown that patterning of the anterior-posterior axis begins with gastrulation (Melby et al., 1996; Shih and Fraser, 1995; Zoltewicz and Gerhart, 1997) . This process includes the establishment of large domains (Epstein et al., 1997; Isaacs et al., 1999) , which become refined by the action of genes like the Hox genes (Gellon and McGinnis, 1998; Krumlauf, 1994) .
Neural induction and patterning of the central nervous system (CNS) has been proposed to occur according to are patterned by localized function of transverse rings of neuroepithelia possessing both inductive and boundary properties, termed organizers (Rubenstein et al., 1998; RuiziAltaba, 1998) . The best characterized of such local signaling centers is the midbrain/hindbrain boundary (MHB) also known as the isthmic organizer (AlvaradoMallart, 1993; Joyner et al., 2000; Simeone, 2000; Wassef and Joyner, 1997) .
One of the earliest markers of the anterior head differentiation is the homeobox gene Otx2. Expression of Otx2 starts before the onset of gastrulation in the epiblast and the visceral endoderm. From midgastrulation onwards, Otx2 is expressed in the axial mesendoderm and the anterior-most part of the neuroepithelium, and its posterior boundary of expression coincides with the MHB (Blitz and Cho, 1995; Millet et al., 1996; Pannese et al., 1995; Simeone et al., 1993) . Otx2 knockout in mice results in early embryonic death due to gastrulation defects Ang et al., 1996; Matsuo et al., 1995) . These embryos exhibit loss of forebrain, midbrain and anterior regions of the hindbrain. The absence of the three anterior rhombomeres (r1-r3), where Otx2 is not expressed, suggests that the function of the isthmic organizer is also missing in these embryos.
During early gastrulation, the domain of Otx2 expression on the dorsal blastopore lip borders with the domain of expression of the caudal (Cdx) homeobox genes Xcad2 and Xcad3 (Epstein et al., 1997; Isaacs et al., 1999) . Mutual repressive interactions between Otx2 and the caudal genes define their domains of expression. It has been suggested that these cross-regulatory interactions are important for the early anterior-posterior patterning of the embryo and its subdivision into head and trunk domains (Epstein et al., 1997; Isaacs et al., 1999; Pillemer et al., 1998b) . During mid-gastrulation, the domains of Xcad expression remain posterior, close to the blastopore while the Otx2 expression demarcates the prospective head. As the embryo elongates a gap forms between Otx2 and Xcad, where the Hox genes will be expressed (Epstein et al., 1997; Isaacs et al., 1998) .
The Gbx2 homeobox gene in Xenopus, Xgbx2a, is expressed from early/mid gastrulation as a ring in the middle region along the anterior-posterior axis of the embryo (Tour et al., 2001 (Tour et al., , 2002 von Bubnoff et al., 1996) . In this work we show that Xgbx2a is expressed in the gap between the Otx2 and Xcad2 expression domains which forms during elongation of the embryo. Gbx2 is under negative regulation by both Xcad2 and Otx2, which helps establish its anterior and posterior boundaries of expression. In turn, Gbx2 is a negative regulator of Otx2 expression. The cross-regulatory interaction between Otx2 and Gbx2 helps establish the position of the isthmic organizer (Joyner et al., 2000; Rhinn and Brand, 2001; Simeone, 2000) . Using antimorphic and inducible Gbx2 variants we show that the effect of Gbx2 on head formation and its repression of Otx2 expression take place mainly during gastrula stages. These results provide evidence that positioning of the MHB organizer is an early event preceding neurulation.
Results

Gbx2 is expressed in the gap between Otx2 and Xcad2
The Xenopus Gbx2 homologue Xgbx2a is first transcribed at midgastrulation (Tour et al., 2001 (Tour et al., , 2002 von Bubnoff et al., 1996) . At this stage, its transcription is restricted to the middle region of the embryo along the anterior-posterior axis, with a wide dorsal gap in the embryonic dorsal midline. This expression pattern appears to fill the gap created between the Otx2 and Xcad2 expression domains as the embryo elongates (Epstein et al., 1997) . To determine the extent to which Xgbx2a transcripts occupy the region between Xcad2 and Otx2, whole-mount in situ hybridizations were performed. Double in situ hybridization of gastrula stage embryos with Otx2 and Xgbx2a probes revealed that Xgbx2a expression borders with the Otx2 expression domain (Fig. 1A,C,D) . By this stage (stage 11.5; Nieuwkoop and Faber, 1975) , Otx2 attains its anterior (head) expression domain. The posterior border of Otx2 expression was shown to coincide with the region where isthmic organizer will subsequently form (Millet et al., 1996) . Therefore, the anterior border of the Xgbx2a transcription domain corresponds to the caudal side of the future MHB organizer.
Analysis of the Xcad2 and Xgbx2a expression domains revealed that there is partial overlap between the transcript localization of these two genes (Fig. 1B-D) . The dorsal gap of Xcad2 expression is narrower than the gap observed for Gbx2 expression. Whole-mount in situ hybridizations with probes for the three genes further support the observation that Xgbx2a transcripts localize to the gap between the Otx2 and Xcad2 expression (Fig. 1C,D) .
Early anterior-posterior patterning by Otx2, Xcad2 and Gbx2 cross-regulation
The pattern of Xgbx2a expression raises the possibility that regulatory interactions with Otx2 and Xcad2 play an important role in determining its anterior and posterior boundaries of expression. As a first step towards studying such interactions, we overexpressed Otx2 and Xcad2 by mRNA injection into 2-4 cell embryos. The embryos were incubated to midgastrula stage (stage 10.5-11), and assayed for changes in Xgbx2a expression. Otx2 overexpression resulted in the down-regulation of Xgbx2a transcription in over 75% of the embryos injected (Fig. 2B) . Xcad2 overexpression resulted in almost complete elimination of Xgbx2a expression (Fig. 2C) , suggesting that the rostral and caudal boundaries of Xgbx2a expression are achieved in part by Otx2 and Xcad2 repression.
In order to determine whether the regulation of expression is mutual between Xgbx2a and its rostral (Otx2) and caudal (Xcad2) regulators, we overexpressed Xgbx2a. Injected embryos were subjected to in situ hybridization analysis with Otx2 and Xcad2 specific probes. Overexpression of Xgbx2a resulted in strong down-regulation of Otx2 transcription during gastrulation (Fig. 3B) . Mutual repression between Otx2 and Xgbx2a can serve as a mechanism by which the boundary between these two genes is established.
Xgbx2a has a more subtle effect on Xcad2 (Fig. 3D ). Xgbx2a overexpression caused the ring of Xcad2 expression to become slightly wider and less sharp. Also, some invasion of Xcad2 transcripts into the organizer region could be observed. These observations suggest that while Xcad2 is a strong regulator of Xgbx2a expression, the reverse interaction is very weak.
Xgbx2a functions as a transcriptional repressor
Overexpression of Xgbx2a induced a number of embryonic head malformations, including reduction or deletion of anterior structures, such as cement gland and the eyes (Tour et al., 2001) . Deletion of anterior head structures in Xgbx2a overexpressing embryos is reminiscent of the phenotype observed in Otx2 knockout mice Ang et al., 1996; Matsuo et al., 1995) . The ability of Xgbx2a to repress Otx2 (Fig. 3B ) could cause the Xgbx2a-induced loss of anterior head. It is also important to note that the cross-regulatory interactions identified between Xgbx2a and Otx2 are already detected during midgastrulation (Figs. 2  and 3 ).
To better define the transcriptional effect of Xgbx2a on Otx2 expression, we designed both obligatory activator and repressor versions of the Xgbx2a protein (Fig. 4) . These chimeric protein constructs consisted of the homeodomain region of Xgbx2a, with 30 amino acids flanking from each side, fused to either the VP16 activation domain (Friedman et al., 1988) or the engrailed repressor domain (Jaynes and O'Farrell, 1991), and were used in a number of assays which determined the activity of the different constructs.
The first assay relied on phenotypic analysis of injected embryos. Overexpression of Xgbx2a/en resulted in microcephalic embryos lacking or having reduced anterior head structures. Anterior head organs, such as cement gland and eyes were rudimentary or absent (Fig. 5C ). Some of these embryos were also shorter than normal. This phenotype is very similar to that induced by overexpression of wild-type Xgbx2a mRNA (Fig. 5B) . Overexpression of the obligatory activator construct, VP16/Xgbx2a, produced short embryos with significantly enlarged cement glands (Fig. 5D ). The overall head size was slightly reduced, but the anteriormost, dome-shaped, region was clearly present in these embryos.
The enlargement of the cement gland and the general morphology of the head suggest an anteriorization of the embryo (Fig. 5D ).
We next examined the effect of the chimeric proteins on Otx2 transcription. Overexpression of the Xgbx2a/en protein eliminated Otx2 expression (Fig. 5G) , in a manner similar to overexpression of wild-type Xgbx2a (Fig. 3B ). On the other hand, injection of the mRNA encoding the VP16/Xgbx2a construct resulted in the expansion of the Otx2 expression domain along the marginal zone, similarly to a partial loss of Xgbx2a activity caused by injection of antisense RNA (Fig. 5F ,H). These results further support the conclusion that the VP16/Xgbx2a fusion protein has the opposite effect than the wild-type protein and phenocopies a loss of Xgbx2a activity.
To better characterize the nature of the head malformations caused by manipulating the level of Xgbx2a activity, we analyzed the expression of several head molecular markers ( Fig. 5I-L ). XCG1 is a marker of the cement gland, the anterior-most ectoderm tissue (Sive et al., 1989) . The paired-box transcription factor Pax6 marks the forebrain and the eyes (Li et al., 1997) . The secreted factor Wnt1 is expressed in a transverse stripe in the posterior midbrain (Wolda et al., 1993) , and Krox20, a zinc finger transcription factor, marks the third and the fifth rhombomeres in the hindbrain (Bradley et al., 1992) . Overexpression of Xgbx2a (Fig. 5J) or expression of Xgbx2a/en ( glands, eyes and the anterior head. The intensity of Wnt1 and Krox20 expression stripes was down-regulated. Injection of VP16/Xgbx2a caused expansion of the anterior head markers XCG1 and Pax6 (Fig. 5L) , similarly to antisense Xgbx2a-injected embryos (data not shown). The expansion in the Pax-6 expression domain was not accompanied by an increase in the intensity of expression. In embryos injected with the obligatory activator Xgbx2a construct, the expression of Krox-20 and Wnt1 was lost (Fig. 5L) .
Taken together, the effects of the expression of the obligatory repressor and activator versions of Xgbx2a on embryonic morphology, as well as on the expression of several molecular head markers, among them Otx2, show that Xgbx2a/en phenocopies the overexpression of wildtype Xgbx2a, while VP16/Xgbx2a functions as its antimorph. Therefore we conclude that, during early embryogenesis, Xgbx2a acts as a transcriptional repressor.
The activity of Xgbx2a on head formation is restricted to gastrula stages
The cross-regulatory interactions between Otx2 and Xgbx2a are believed to play an important role in determining the position of the isthmic organizer (Joyner et al., 2000; Rhinn and Brand, 2001; Simeone, 2000) . Our results show that mutual down-regulation between these genes can already be observed during midgastrula stages suggesting that the regulatory interactions between Otx2 and Xgbx2, and, therefore, the first steps in the positioning of the MHB, take place at these early stages. In order to study in a more direct way, the time window during which Xgbx2a affects head formation, inducible versions of the Xgbx2a protein and its antimorph (VP16/Xgbx2a) were constructed (Fig. 4) . The Xgbx2a and VP16/Xgbx2a proteins were rendered hormone-inducible by fusing them to the hormone-binding domain of the glucocorticoid receptor (GR; Kolm and Sive, 1995) . Initially, we studied the temporal window during which Xgbx2a manipulation induces the head phenotypes (Fig. 5B,D) . Xgbx2a/GR or VP16/Xgbx2a/GR encoding mRNAs were injected into embryos, the fusion proteins were activated at different stages, from stage 9 (late blastula), to stage 14 (midneurula), and the phenotypes were analyzed at stage 35. The ability of Xgbx2a/GR to inhibit anterior head structures is maximal at stage 9, before the onset of the endogenous Xgbx2a expression (Fig. 6B) . When activated at stage 9, Xgbx2a/GR produces 98% (n ¼ 51) embryos with deleted anterior head structures and a decrease in length. This effect decreases as gastrulation proceeds, 90% (n ¼ 42) at stage 10 ( Fig. 6C) , 42% (n ¼ 38) at stage 12 (Fig. 6D) , 25% (n ¼ 43) at stage 13 (Fig. 6E ) and disappears from stage 14/15 onwards. The Xgbx2a antimorph, VP16/Xgbx2a/ GR, was also subjected to temporal analysis focusing primarily on reduction of posterior structures and enlargement of anterior head tissues like the cement gland. Maximal VP16/Xgbx2a/GR ability to enlarge the cement gland and the head is observed when the fusion protein is activated at stage 9 (96%, n ¼ 25) (Fig. 6G) . During later stages of gastrulation this ability decreases (72%, n ¼ 25 at stage 10; 14%, n ¼ 22 at stage12) (Fig. 6H,I ), and from stage 13/14 onwards there were no head malformations observed (Fig.  6J) . These results suggest that the window of response to change in Xgbx2a activity levels, which result in phenotypic malformations, is restricted from the late blastula to the end of gastrulation.
An attractive model to explain the temporal constraint of the effect of Xgbx2a on head formation would be a temporal restriction in the ability of Xgbx2a to negatively regulate Otx2 expression. In order to test this hypothesis, we studied the effect of inducible Xgbx2a and its antimorph on Otx2 transcription. Otx2 has two phases of expression (Blitz and Cho, 1995; Pannese et al., 1995) . At the onset of gastrulation it is expressed in endomesodermal cells at the dorsal lip, while from the end of gastrulation onwards Otx2 is expressed in the anterior ectoderm and mesoderm. In order to determine whether Xgbx2a is capable of inhibiting Otx2 throughout development, we had to target the injected mRNA to both mesoderm and ectoderm. To that end, we injected Xgbx2a/GR or VP16/Xgbx2a/GR RNAs unilaterally, halfway between the animal pole and marginal zone. The unilateral injection enabled us to use the non-injected side of the embryo as a control. b -galactosidase mRNA was co-injected as a lineage tracer. The hormone-inducible constructs were activated at one of three stages: midgastrulation (stage 11.5), beginning of neurulation (stage 13) or midneurulation (stage 15). The embryos were fixed 2 h after the addition of dex, and the expression of Otx2 was studied. Activation of Xgbx2a/GR at stage 11.5 (gastrula) resulted in down-regulation of Otx2 in the injected side in 84% (n ¼ 19) of the embryos (Fig. 7B) . When activated at the beginning of neurulation (stage 13), Xgbx2a/GR was still capable of inhibiting Otx2 in 79% (n ¼ 19) of the embryos (Fig. 7E ), but by stage 15 it only caused very weak downregulation of Otx2 (9%, n ¼ 11) (Fig. 7H) . The Xgbx2a antimorph VP16/Xgbx2a/GR induced significant upregulation of Otx2 expression when activated at stage 11.5 in 85% (n ¼ 18) of the embryos (Fig. 7C) . Interestingly, VP16/ Xgbx2a/GR does not activate Otx2 expression of beyond its normal domain. The ability of VP16/Xgbx2a/GR to upregulate Otx2 expression decreased with the onset of neurulation 20% (n ¼ 24) at stage 13 (Fig. 7F) , and 5% (n ¼ 19) at stage 15 (Fig. 7I ). These observations show that the ability of Xgbx2a to affect the expression of Otx2 is also restricted in time, being maximal during gastrula stages.
Discussion
Anterior-posterior patterning of the early gastrula embryo
The early restriction of Xgbx2a expression to the central embryonic region along the anterior-posterior axis (von Bubnoff et al., 1996; Tour et al., 2002) , led us to hypothesize that its expression would be spatially restricted by genes that would show very early localization to the anterior and posterior ends of early gastrula embryos. Otx2 and Xcad2 perfectly fulfilled these requirements, both in the timing and the placement of their expression domains (Blitz and Cho, 1995; Pannese et al., 1995; Pillemer et al., 1998a) .
In previous studies we have shown that during early gastrula stages Otx2 and Xcad2 genes exhibit neighboring expression domains and establish mutually repressive regulatory interactions (Epstein et al., 1997) . As the embryo elongates during gastrulation, their domains of expression separate, creating a median region devoid of Xcad2 and Otx2 transcripts. It is in this region where Xgbx2a transcription starts. By midgastrula, the three homeobox genes, Otx2, Xgbx2a and Xcad2, are expressed in closely abutting expression domains. Anteriorly, the expression of Otx2 and Xgbx2a establish a sharp border between them already during gastrulation, which demarcates the future midbrain/ hindbrain boundary (Simeone, 2000) . In the posterior region of the embryo, the Xcad2 and Xgbx2a expression domains exhibit partial overlap, suggesting a more complex regulatory interaction between these genes. Both Otx2 and Xcad2, when ectopically expressed, strongly down-regulate the endogenous Xgbx2a expression. Thus, Otx2 and Xcad2 might play a role in the spatial restriction of the Xgbx2a expression domain by preventing it from being expressed in the anterior and posterior-most regions of the embryo. In agreement with these observations, Gbx2 was shown to be ectopically expressed in Otx2 2/2 mouse embryos (Acampora et al., 1998) .
The expression domain of Gbx2 is rostral to the Hox expression regions (von Bubnoff et al., 1996) , while the caudal genes have been shown to be efficient regulators of Hox expression (Epstein et al., 1997; Pownall et al., 1996; Subramanian et al., 1995) . Targeted disruption of two murine caudal-like genes, Cdx1 and Cdx2 have been shown to cause anterior-posterior homeotic transformations of the axial skeleton (Chawengsaksophak et al., 1997; Subramanian et al., 1995) . Gbx2 expression was not assayed in these mutants.
The results presented here suggest that a network of homeobox genes perform an early anterior-posterior patterning of the vertebrate embryo into large domains. Subsequently, this pattern will be refined by the activity of additional homeobox genes, like the Hox genes (Krumlauf, 1994 ). This situation is reminiscent of segmentation in Drosophila where large domains are initially allocated and they subsequently undergo refinement (Akam, 1987) .
Xgbx2a is a repressor of Otx2 transcription
Ectopic expression of Xgbx2a significantly inhibited Otx2 transcription, indicating that the two genes are mutual repressors. Otx2 regulation of Xgbx2a is probably dosedependent as injection of Otx2 RNA represses the endogenous Xgbx2a expression at the injection site and activates it at its edges, where the Otx2 concentration is lower (Tour et al., 2002) . On the other hand, we never observed a dose-dependent effect of Xgbx2a on Otx2. The importance of Gbx2 inhibition of Otx2 expression is supported by the phenotype of the targeted disruption of murine Gbx2. In Gbx2 2/2 embryos, the posterior border of Otx2 shifted caudally and lacked its normal sharpness (Wassarman et al., 1997) . At later stages, these embryos failed to form the MHB-derived structures and the anterior part of the hindbrain.
Overexpression of Xgbx2a results in short embryos, with reduced or absent anterior head structures. This phenotype of Xgbx2a overexpression is in agreement with its inhibitory effect on Otx2 expression. Loss of anterior head structures, such as the eyes and the cement gland, is reminiscent of the Otx2 knock-out phenotype Ang et al., 1996; Matsuo et al., 1995) . The cement gland has been reported to be under positive control of Otx2 (Gammill and Sive, 1997) . XCG1, an important structural component of the cement gland, is a direct target of Otx2 positive regulation. The loss of XCG1 expression in Xgbx2a and Xgbx2a/ en-injected embryos, and its enlargement in the VP16/ Xgbx2a -injected embryos is consistent with inhibition and activation of Otx2 expression, respectively.
Manipulation of the activity of Xgbx2a revealed that overexpression of the wild-type protein or the obligatory repressor construct, Xgbx2a/en, results in loss of anterior head structures and repression of anterior head markers, Otx2, XCG1 and Pax6. Conversely, reduction of Xgbx2a activity by antisense RNA injection or overexpression of the obligatory activator, VP16/Xgbx2a, results in the enlargement of the cement gland and expansion of Otx2, XCG1 and Pax6 expression. Based on these results, we conclude that Xgbx2a functions primarily as a transcriptional repressor during early Xenopus development.
Surprisingly, transcription of Wnt1 and Krox-20, the markers of the midbrain and hindbrain, respectively, was down-regulated in embryos injected with both obligatory activator and inhibitor versions of Xgbx2a. In Gbx2-null mice, the expression domain of Wnt1 was extended. However, it should be noted that the expression of the obligatory-activator version of Xgbx2a is not equal in its effects to Xgbx2a loss of function. In addition to competing with endogenous Xgbx2a in its normal domain of function, it acts as well as a transcriptional factor with Xgbx2a specificity. This factor exhibits the Xgbx2a opposed activity, also in ectopic locations, where Xgbx2a is not normally present. It is possible that the Xgbx2a antimorph produced partial re-specification of midbrain and hindbrain tissues, which resulted in the loss of Wnt1 and Krox-20 expression.
Studies in chick showed that Gbx2 directly binds to the promoter of the chicken myelomonocytic growth factor (cMGF), a cytokine that stimulates the colony formation and differentiation of normal bone marrow cells, and activates its expression (Kowenz-Leutz et al., 1997) . It has been shown for HOX proteins in Drosophila, that the protein can function as an activator of expression in one context and as a repressor in another. The specific activator or repressor activity of HOX proteins is apparently determined by a variety of modulatory factors (Li and McGinnis, 1999; Peifer and Wieschaus, 1990; Pinsonneault et al., 1997) . It is possible that the activity of Xgbx2a changes at different developmental stages and in different tissue context (Epstein et al., 1997; Isaacs et al., 1999) .
Repression of Otx2 by Xgbx2a and positioning of the isthmic organizer during gastrulation
Otx2 and Gbx2 are the earliest expressed genes required for the formation of the isthmic organizer. The position of the boundary between Otx2 and Gbx2 is strongly correlated with the placement of the future MHB (Broccoli et al., 1999; Millet et al., 1999) . The timing of the establishment of the MHB is unclear, although some evidence is available suggesting that it takes place during midgastrulation (Ang and Rossant, 1993; Miyagawa et al., 1996; Reifers et al., 1998) .
We were interested in determining whether the ability of Xgbx2a to influence the embryonic phenotype and Otx2 transcription correlates with the timing of the MHB establishment. Temporal analysis of the capacity of Xgbx2a or its antimorph to affect head development revealed that it is restricted to late blastula and gastrula stages. Activation of the inducible proteins during late gastrula or early neurula resulted in no detectable phenotypes. Early/mid gastrula are the stages when Xgbx2a is expressed between the Otx2 and Xcad2 expression domains, along the anterior-posterior axis.
Assuming that the head phenotypes induced by Xgbx2a are due to its regulatory interaction with Otx2, as stated earlier, thus the temporal window of this interaction was determined. We find that Xgbx2a can modify the Otx2 expression only until late gastrula/early neurula. During early gastrula stages, Xcad2 is an Otx2 inhibitor (Epstein et al., 1997) , while during gastrulation, Otx2-expressing cells migrate anteriorly to their final destination in the head, and Otx2 and Xcad2 no longer neighbor each other. At this time, Xgbx2a expression begins immediately posterior to the Otx2 expression, taking over the role of Otx2 spatial restriction.
Induction of head phenotypes by Xgbx2a is limited up to late gastrula, while it is still capable to mildly repress Otx2 with the onset of neurulation. This suggests that inhibition of Otx2 expression from the end of gastrulation onwards does not have major effects on the general head phenotype. After gastrulation, primary division of the embryo into its major regions (anterior head being one of them) already took place, and even the most dramatic changes in gene expression cannot result in the loss of an entire embryonic region, but rather in its re-specification.
Xgbx2a has been reported as being positively regulated by bFGF and retinoic acid (King and Moore, 1994; von Bubnoff et al., 1996) . These two signaling molecules are candidate posteriorizing signals during the transformation stage of the neural system development (Blumberg et al., 1997; Doniach, 1995; Holowacz and Sokol, 1999; Papalopulu and Kintner, 1996; Yamada, 1994) . Retinoic acid inhibits Otx2 expression in mice (Ang et al., 1994; Avantaggiato et al., 1996; Simeone et al., 1995) , in Xenopus (Pannese et al., 1995) and in chick (Bally-Cuif et al., 1995) . One possibility is that Gbx2 mediates the retinoic acid negative regulatory effect on Otx2, while its early expression at the presumptive posterior boundary of the anterior head, might be one of the first steps in the posteriorizing stage of neural induction.
Experimental procedures
Construction of Gbx2 protein variants
Xgbx2a/en, was constructed as follows: Xgbx2a homeodomain with 30 flanking amino acids was PCR-amplified using the primers: forward 5 0 -CCGGAATTCCTGCCAAA-CTGCCCACAAAG and reverse 5 0 -CCGCTCGAGTTG-CTCCAGCTGCTGGTGTT. This fragment was digested with EcoRI and XhoI and inserted into a similarly digested vector pCS2-Myc-NLS-EngR (generous gift of T. Pieler). VP16/Xgbx2a was prepared by cloning the VP16 activation domain (Friedman et al., 1988) obtained by digestion of the plasmid VP16-V3-GR (Shapira et al., 2000) with XhoI and XbaI into the pCS2 1 vector, generating pCS2-VP16 construct. PCR-amplified Xgbx2a homeodomain (forward: 5 0 -AGTCACTAGTTGCCAAACTGCCCACAAAG; reverse: 5 0 -ATGCGGTACCCTCCAGCTGCTGGTGTTG) was digested with SpeI and ligated into pCS2-VP16 digested with XbaI. The remaining unligated ends were filled-in with T4 DNA polymerase and then ligated. The Xgbx2a/GR construct was prepared by cloning PCRamplified ORF of Xgbx2a (forward primer: 5 0 -CAG-GATCCGGACCATGAGTGCAGCCTTTCAGCC; reverse primer: 5 0 -TTCTCGAGGGTACCAGGTCTTGCTTGCT-CCAGCT), digested with BamHI and XhoI into a similarly digested vector pCS2 1 (a gift of R. Rupp). The GR domain was PCR-amplified from the pSP64T-MyoDGR plasmid (Kolm and Sive, 1995) with the primers, forward 5 0 -GCCGGGTACCCCCCTCTGAAAATCCT AND reverse 5 0 -GCGGCGGGCAGGTACCCCACTTTTGATG), digested with KpnI and inserted in frame into the KpnI site at the carboxy terminus of Xgbx2a. The VP16/Xgbx2a/GR construct was generated by obtaining the GR domain as described for Xgbx2a/GR, digested with KpnI, and inserted into the KpnI site in the carboxy terminus of VP16/Xgbx2a.
Embryo manipulation and injection
Adult Xenopus laevis individuals were purchased from Xenopus 1 (USA). Embryos were obtained following in vitro fertilization. The fertilized eggs were dejellied with 2% cysteine (pH 7.6) and subsequently incubated in 0:1£ modified Barth's solution. Activation of proteins fused to the hormone binding domain of the glucocorticoid receptor (GR) was performed by addition of dexamethasone (Sigma) to the incubation medium to a final concentration of 4 mg/ ml.
RNA for injection of Xenopus embryos was prepared by in vitro transcription using the RiboMax kit (Promega). Cap analog (Pharmacia) was added to the reaction mixture using a ratio of cap:GTP of 5:1. Xgbx2a sense and antisense RNAs were generated from pSP64T-Xgbx2a and pSP64T-antisXgbx2a by linearization with BamHI and transcription with SP6 RNA polymerase. Xgbx2a/en RNA and VP16/ Xgbx2a were prepared from pCS2-Xgbx2a/en and pCS2-VP16/Xgbx2a plasmids, respectively, linearized with ApaI and transcribed with SP6 RNA polymerase. Hormone-inducible variants of Xgbx2a and VP16/Xgbx2a were generated from pCS2-Xgbx2a/GR and pCS2-VP16/Xgbx2a/GR, respectively, linearized with ApaI and transcribed with SP6 RNA polymerase. Otx2 and Xcad2 sense RNAs were generated as described in Epstein et al. (1997) .
Probe preparation and in situ hybridization
Probes for in situ hybridization were prepared for: Xgbx2a (Tour et al., 2001a,b) , Xcad2 (Pillemer et al., 1998a) , Otx2 (Smith et al., 1993) , Krox-20 (Bradley et al., 1992) , Pax-6 (Li et al., 1997) , XCG1 (Sive et al., 1989) and Wnt1 (Wolda et al., 1993) .
Whole-mount in situ hybridization analysis of gene expression was performed as previously described (Epstein et al., 1997) . Digoxigenin-and fluorescein-labeled RNA probes were prepared from linearized plasmids transcribed in vitro using the RiboMax transcription kit (Promega) and the Dig and Fluorescein RNA labeling mixtures (Roche).
b-Galactosidase activity was used for lineage tracing. LacZ RNA was prepared from the pSP6nucbGal plasmid (Picard and Yamamoto, 1987) which directs b-galactosidase activity to the nucleus. Embryos were stained for bgalactosidase activity as described (Marom et al., 1997) .
